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We report on the optoelectronic properties of GaN(0001) and (11¯00) surfaces after their functionalization with
phosphonic acid derivatives. To analyze the possible correlation between the acid’s electronegativity and the
GaN surface band bending, two types of phosphonic acids, n-octylphosphonic acid (OPA) and 1H,1H,2H,2H-
perfluorooctanephosphonic acid (PFOPA), are grafted on oxidizedGaN(0001) andGaN(11¯00) layers aswell as on
GaN nanowires. The resulting hybrid inorganic/organic heterostructures are investigated by X-ray photoemission
and photoluminescence spectroscopy. The GaN work function is changed significantly by the grafting of
phosphonic acids, evidencing the formation of dense self-assembled monolayers. Regardless of the GaN surface
orientation, both types of phosphonic acids significantly impact the GaN surface band bending. A dependence on
the acids’ electronegativity is, however, only observed for the oxidized GaN(11¯00) surface, indicating a relatively
low density of surface states and a favorable band alignment between the surface oxide and acids’ electronic
states. Regarding the optical properties, the covalent bonding of PFOPA and OPA on oxidized GaN layers and
nanowires significantly affect their external quantum efficiency, especially in the nanowire case due to the large
surface-to-volume ratio. The variation in the external quantum efficiency is related to the modication of both the
internal electric fields and surface states. These results demonstrate the potential of phosphonate chemistry for
the surface functionalization of GaN, which could be exploited for selective sensing applications.
Adsorbates on the surface of an inorganic semiconductor can
perturb the equilibrium of charges established between bulk
and surface states [1]. Such a perturbation modifies the elec-
trostatic potential landscape within the semiconductor, likely
with sizeable consequences on carrier transport and recombi-
nation. In the case of GaN, the surface band bending has been
reported to strongly depend on the adsorption of H+ and OH−
radicals [2], a phenomenom used to develop highly sensitive
nitride-based pH sensors [3, 4]. Interestingly, even the sole
physisorption of molecular acceptors [5] or a direct contact
with electrolytes of different ionic strength [6] is sufficient to
alter the internal GaN electrostatic potential. This long range
electrochemical perturbation, propagating well below the GaN
surface, is exploited in nitride-based bio and chemo-sensors.
The probing area generally consists in the (0001) facet of an
ungated high-electron-mobility transistor (HEMT). In such a
device, the adsorption events modify the charge density of the
2D electron gas (2DEG), and thus the transistor conductiv-
ity [7]. To increase the device surface-to-volume ratio and,
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thereby, boost device sensitivity, nanowire-based sensors are
also under investigation [8]. In this scheme, the adsorption
events on the nanowire sidewalls may translate into a modifi-
cation of the nanowire luminescence, electrical conductivity
and/or voltametric signature. To further enable a selective
sensing, an organic coating only binding to targeted analytes
can be deposited on the GaN surface [9]. A low density of
interface states, at the hybrid inorganic/organic interface, is
then required to preserve the surface band bending sensitivity
toward immobilized adsorbates [1].
In this context, well-defined hybrid interfaces should be
preferred, as those provided by self-assembled monolayers
(SAMs). A SAM corresponds to a densely packed single layer
of molecules, all covalently bonded to the surface through an
anchor group. Eachmolecule additionally features a functional
group, independent from the anchor group and adequately cho-
sen for tailoring the surface properties. SAMs on metals and
semiconductors (organic and inorganic) are widely reported
and recurrently used as immobilizers as well as to tune the
surface work function and the surface wettability [10, 11].
Because the oxidation of bare GaN surfaces is thermodynam-
ically favored under ambient exposure [12], covalent binding
of molecules on unoxidized GaN surfaces requires to work
in ultra-high vacuum conditions. A more practical alterna-
tive is to deposit the SAM directly on the oxidized surface,
thus enabling operation in air. In this regard, it is known that
phosphonic acid can be attached to the GaN native oxide with
various consequences for the optoelectronic properties of the
underlying GaN layer, notably a modulation of its photolumi-
nescence intensity and a shift of the core levels [13–15]. After
hydroxylation of the surface, phosphonic acids are reported
to form dense and robust SAMs on the oxidized GaN(0001)
surface [16, 17]. Nevertheless, once grafted on the (0001) gate
of a HEMT, the functional group of these phosphonate SAMs
only marginally affects the 2DEG density. This unsuitable be-
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FIG. 1. Representative atomic force micrographs of the PA-MBE
regrown (a) GaN(0001) and (b) GaN(11¯00) surfaces under study.
haviour is attributed to the presence of a large density of states
at theGaN/GaOx /SAMs interfaces [18]. To date, a comparable
analysis on the GaN{11¯00} facets has not been accomplished.
Such facets are, however, of high practical interest as they con-
stitute the sidewalls [19, 20] of most types of group-III nitride
nanowires envisioned for bio-sensing applications [8].
Here, we analyze the optoelectronic properties of
GaOx /GaN(0001) and (11¯00) surfaces after their functional-
ization by grafting phosphonic acids. In particular, our work
seeks to establish a correlation between the GaN surface band
bending and the electronegativity of the attached acid, as the-
oretically proposed and experimentally demonstrated in the
case of ZnO [21, 22], a material with various similarities
to GaN with regard to crystal structure and related proper-
ties. To this end, we work with n-octylphosphonic acid (OPA)
and 1H,1H,2H,2H-perfluorooctanephosphonic acid (PFOPA).
These two different types of acids are characterized by a low
and high electronegativity, respectively. Their self-assembly
into a monolayer on oxidized GaN is confirmed by exam-
ining the related modification of the work function. In the
GaOx /GaN(11¯00) case, we further evidence a substantial de-
pendence of the surface band bending on the type of phos-
phanate SAM, in correlation with its electronegativity. Ad-
ditionally, we evaluate the modification of the GaN external
quantum efficiency (EQE) after grafting phosphonic acids.
In this respect, beside GaN layers, we also examine GaN
nanowires, for which surface related effects are typically en-
hanced. The measured EQE modifications are discussed in
terms of surface band bending and surface states. The main
conclusions derived from this study evidence the potential of
the phosphonate chemistry to functionalize GaN nanowires
into selective chemo-sensors.
I. EXPERIMENTAL DETAILS
The GaN(0001) and (11¯00) surfaces studied in this work
are obtained from free-standing substrates purchased from
Suzhou Nanowin Science and Technology. These substrates
feature a low threading dislocation density (< 5 × 106 cm−2)
and a root mean square roughness below 0.2 nm. The surfaces
are prepared by the vendor using chemo-mechanical polish-
ing, which does not necessarily produce well-defined surfaces
with atomic steps. Thus, to ensure reproducible surfaces, we
grow an ≈ 1 µm thick GaN layer by plasma-assisted molecular
beam epitaxy (PA-MBE) on the as-received free-standing sub-
strates. To preserve the substrate smoothness, the growth is
performed at ≈ 700 ◦C under intermediate Ga-rich conditions
[23–25]. Representative atomic force micrographs (AFM) of
the MBE regrown GaN(0001) and (11¯00) layers are shown in
Fig. 1. Regardless of the surface orientation, the micrographs
confirm the smoothness of the surfaces and the presence of
atomic steps. The layers are unintentionally doped but ex-
hibit a concentration of donors minus acceptors in the upper
1016 cm−3, as measured by capacitance voltage profiling using
a two-point Hg probe. This residual n-type doping is caused
by the unintentional incorporation of O in PA-MBE.
In addition to the layers, we prepare two GaN nanowire en-
sembles by PA-MBE using self-assembly as growth approach
[26]. The first ensemble is grown on deoxidized Si(111) at
805 ◦C with a Ga flux of 3.6 × 1014 cm−2s−1 and a N flux of
7.5 × 1014 cm−2s−1. To prevent the coalescence of nanowires
nucleated in the early stage of growth, [27] the growth is
interrupted before the full completion of the so-called “nucle-
ation phase” [28]. The second nanowire ensemble is prepared
on a Ti layer sputtered on Al2O3(0001). This ensemble is
grown at ≈ 780 ◦C with Ga and N fluxes of 4.8 × 1014 and
1.2 × 1015 cm−2s−1, respectively. As advocated in Ref. 29,
prior to nanowire growth, the Ti surface is exposed to active N
at 100 ◦C to mitigate Ti, Al2O3 and Ga intermixing. On such
a substrate, nanowires nucleate with a relatively low density,
so that coalescence by bundling with neighboring nanowires
is reduced [30]. In general, nanowire coalescence is undesir-
able since it generates extended defects within the nanowires
[31, 32], alters their prismatic shape [33] and induces strain
[34–36]. Each of these contributions will decrease the unifor-
mity of the nanowire ensembles and thus scatter the response
of individual nanowires to the surface modifications investi-
gated here. Scanning electronmicrographs of the two different
nanowire ensembles are respectively shown in Figs. 2(a) and
2(b). The nanowires prepared on Si have an average length of
200 nm and a density of 1.3×1010 cm−2. On Ti, the nanowires
have an average length of 1 µm and a density of 4 × 109 cm−2.
A shifted gamma distribution accurately fits the nanowire di-
ameter distributions depicted in Fig. 2(c). The mean diameter
derived from the fit for the nanowires grown on Si (Ti) is
23 nm (47 nm). As schematically shown in Fig. 2(d), such
self-assembled nanowires generally feature {11¯00} sidewalls
[20] and a (0001¯) top-facet [37, 38].
Prior to the SAM deposition, both the GaN layers and the
nanowire ensembles are cleaned and oxidized using the follow-
ing subsequent steps: O2 plasma (OP) exposure, HCl etching,
and a second OP exposure. In detail, the OP exposure step
is 5min long and performed using a O2 pressure of 0.3mbar
and a forward power of 900W. For the HCl etching step, the
samples are immersed for 10min in a 32% HCl solution. Be-
fore the characterization of the samples by photoluminescence
spectroscopy (Section II C), we use, however, a different OP
system. In this case, the OP exposure is 10min long and car-
ried out using an O2 pressure of 0.5mbar and a forward power
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FIG. 2. Bird’s eye view scanning electron micrographs of the
GaN nanowire ensembles grown by PA-MBE (a) on Si and (b) on
Ti/Al2O3(0001). The magnification is the same in both micrographs.
(c) Diameter distributions, as derived from the analysis of top-view
scanning electron micrographs, for the two GaN nanowire ensembles
under scrutiny. The solid lines are fits of a shifted gamma distribu-
tion to the histograms. (d) Schematic representation of the nanowires’
main crystalline directions.
of 100W. Besides the elimination of pollutants, the cleaning
process also initializes the surface into awell-defined reference
state, which is characterized by the formation of a ≤ 1 nm thick
GaOx capping layer [39]. Partial hydroxylation of the surface
is assumed, which favors the anchoring of phosphonic acids
[40, 41]. PFOPA (≥ 95%, SigmaAldrich) and OPA molecules
(99%, AlfaAeasar) [sketched in Fig. 3(a)] as well as anhydrous
ethanol (≥ 99.8%, VWR) are used as received. The phosponic
acids are dissolved in anhydrous ethanol with a concentration
of 2mmol/L and stirred for at least 3h at 30 ◦C. The GaN
samples are then immersed in the solution for 3h at 50 ◦C to
allow the physisorption of the molecules. Subsequently, the
samples are dried in air on a hot plate at 140 ◦C to foster the
chemisorption of the physisorbed phosphonic acids. At last,
the samples are thoroughly rinsed in ethanol and dried with a
N2 gun to remove non-chemisorbed molecules.
The electronic properties of the GaN surfaces are probed
by X-ray photoelectron spectroscopy (XPS) in a PHI Versa
Probe II equipped with a monochromatized Al Kα anode as
X-ray source (1486.6 eV). The base pressure of the measur-
ing chamber is in the 10−9 mbar range. The kinetic energy of
the photo-emitted electrons is measured by a concentric hemi-
spherical analyzer. The angle between the analyzer and the
X-ray source is 54.7◦ and the takeoff angle 90◦. All the spec-
tra are referenced in binding energy with respect to the Fermi
edge of Ag. The secondary electron edges are calibrated ac-
cording to the work function of an in situ sputter-cleaned Ag
foil. The work function of the Ag foil is determined by ultravi-
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FIG. 3. (a) Exemplary view of the GaN surface after (i) the OP
treatment and once (ii) PFOPAor (iii) OPA are grafted on the oxidized
GaN surface in a bidentate configuration. ®µmd indicates the direction
of the molecular dipole relative to the anchor-group. (b) F 1s, C 1s
and P 2s core level intensity for GaN(0001) and GaN(11¯00) surfaces
after OP treatment and upon grafting of PFOPA or OPA.
olet photoelectron spectroscopy. XPS fits are performed using
Voigt line profiles after subtraction of a Shirley background
[42].
The optical properties of the GaN samples are characterized
by continuous-wave photoluminescence spectroscopy (cw-PL)
using the 325 nm line of aHe-Cd laser. A lenswith a numerical
aperture of 0.3 focuses the laser beam onto the sample surface
with a spot size of ≈ 50 µm. When measuring nanowire en-
sembles, 1–3 × 105 nanowires are then probed at the same
time. The PL is collected in backscatter geometry, dispersed
by a 80 cmmonochromator, and detected by a charge-coupled-
device (CCD) detector cooled down with liquid nitrogen. The
samples are mounted with silverpaint on a cold-finger cryostat
formeasurement at cryogenic temperatures. Allmeasurements
are performed in a low 10−6 mbar vacuum. The excitation den-
sity is attenuated using neutral density filters.
4II. RESULTS AND DISCUSSION
A. Self-assembled monolayer formation
The tendency of PFOPA and OPA to self-assemble into a
monolayer on oxidized GaN(0001) and (11¯00) surfaces is ex-
amined by XPS. Figure 3(b) shows the C 1s, P 2s and F 1s core
levels after grafting of PFOPA or OPA on the free-standing
GaN layers. The presence of the phosphonic acids is con-
firmed by the weak P 2s signal at 192 eV and the stronger
C 1s signal, attributed to CH2 [43], at 286–287 eV. In the par-
ticular case of PFOPA, a strong F 1s signal is additionally
observed at 688.5 eV together with a second contribution to
the C 1s signal at 291–293 eV. We attribute the latter signal to
CF2 [43]. Remarkably, the core levels of OPA on GaN(11¯00)
have a ≈ 1 eV higher binding energy compared to those of
OPA on GaN(0001). This result indicates different degrees
of charge transfer between the chemisorbed OPA molecules
and the GaOx layer created on the (11¯00) and (0001) facets.
Hence, OPA has a higher oxidation state (less electrons) on
GaN(11¯00) than on GaN(0001).
We also derive by XPS the work function of the GaN lay-
ers grafted with OPA or PFOPA from the electron kinetic
energy at the secondary electron cutoff (SEC). As shown in
Fig. 4, for both GaN orientations, PFOPA grafting increases
the work function to 5.6 eV, whereas OPA grafting lowers it
to 4.1–4.4 eV. We attribute these modifications to a macro-
scopic surface dipole ( ®µSAM ) build-up by the phosphonic acids
standing-up on the GaOx surface [44] [see sketch in Fig. 4(d)].
The opposite polarity of the surface dipoles respectively cre-
ated by PFOPA and OPA relates to the opposite orientation of
the molecular dipoles ( ®µmd) hosted by the grafted molecules.
In view of the large amplitude of the surface dipole (≈ 0.5 eV),
we conclude that both types of phosphonic acids self-assemble
into a dense monolayer. Only in the case of GaN(11¯00) coated
with PFOPA, the broad SEC suggests the presence of surface
inhomogeneities, possibly due to the formation of an incom-
plete SAM. Hence, as for the commonly used GaN(0001) ori-
entation [16–18], phosphonate acids also self-assemble into
a monolayer on the GaN(11¯00) surface. This process is of
high practical interest for achieving surface functionalization
of GaN nanowires.
B. Tailoring of surface band bending
The presence of a SAM can affect the surface band bending,
since it will modify the equilibrium of charges existing be-
tween GaN donor states and GaOx surface states [1, 7, 22]. To
analyze the impact of the phosphonic acid SAMs on the surface
band bending, we assess byXPS the energy difference between
the Fermi level and the valence band maximum (VBM) as well
as between the Fermi level and the Ga, O and N core levels.
These energy differences are hereafter referred to as the bind-
ing energy of the VBM and the core levels, respectively. These
measurements are carried out for the GaN(0001) and (11¯00)
layers after OP exposure and upon grafting with PFOPA or
OPA. The results are shown in Figs. 5(a) and 5(b). In the fol-
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FIG. 4. Secondary electron cutoff (SEC) for GaN(0001) (a) and
GaN(11¯00) (b) after OP treatment and either grafted with PFOPA or
OPA. (c) Work functions extracted from the SECs. (d) Schematic of
the surface dipoles respectively built by (i) PFOPA and (ii) OPA.
lowing, the SAM-induced modification of the GaN/GaOx core
levels is systematically discussed with respect to the values of
the OP treated surface, which are thus taken as reference.
For both GaN surface orientations, in the presence of
PFOPA or OPA, the core levels show a reduced intensity
and the O 1s signal is asymmetrically broadened toward larger
binding energies. Since the inelastic mean free path of the core
electrons is 1–2 nm [45], the inelastic scattering undergone by
these electrons when escaping through the phosphonate SAM
can explain the reduced core level intensity. With respect to
the O 1s signal, its asymmetric broadening is attributed to the
formation of O–P bonds at the surface, as reported elesewhere
[16]. More interestingly, the grafting of the phosphonic acids
induces a shift of the core levels and VBM binding energies.
The recorded shifts are plotted in Figs. 5(c) and 5(d). Each
core level experiences a different displacement, a result that
differs from previous studies on ZnO [21]. These shifts results
from the combination of two different phenomena: (i) a modi-
fication of the GaN surface band bending, and (ii) a change in
the oxidation state of the atoms forming the GaOx layer.
For undoped or lightly doped material, the surface band
bending extends over a length scale  10 nm, a value that
largely exceeds the probing depth of XPS (1–2 nm). A mod-
ification of the surface band bending would then rigidly shift
the GaN/GaOx core levels and the VBM binding energies. In
contrast, the covalent bonding of the phosphonic acids at the
GaOx surface can alter the oxidation state of the Ga and O
atoms differently. Consequently, as the result of such an ef-
fect, different shifts are expected for the core levels and the
VBM binding energies.
To isolate the contribution of the GaN surface band bending
to the core level shifts shown in Figs. 5(c) and 5(d), we first
make two assumptions: (1) The GaOx layer is free of N atoms.
5TABLE I. Amplitudes of the upward GaN band bending (Φ0) ex-
tracted from the XPS measurements performed on the GaN(0001)
and (11¯00) layers after OP as well as upon grafting of PFOPA or
OPA. As described in the text, the width of the exciton dead layer
(wedl) is estimated for each cases.
Surface treatment OP PFOPA OPA
GaN(11¯00) layer
Φ0 ±0.05 eV 0.50 0.30 0.05
wedl nm 51 38 12
GaN(0001) layer
Φ0 ±0.05 eV 0.10 0.20 0.20
wedl nm 20 31 31
This assumption is supported by experimental studies of deep
plasma oxidation of GaN [46, 47] as well as by the theoretical
modelling of an oxidized GaN surface [48]. (2) The grafting
of the phosphonic acids only impacts the oxidation state of
the Ga and O atoms located in the GaOx layer. According to
these two assumptions, the relative changes in the amplitude
of the surface band bending scale one to one with the shifts of
the N 1s core level energy. Last, we use the values reported
in Ref. 39 to obtain an absolute estimate of the surface band
bending after the initial OP treatment. In this way, we are able
to deduce the amplitude of the GaN surface band bending after
the deposition of the different SAMs. The values obtained are
compiled in Table I.
For GaN(0001), the deposition of either PFOPA or OPA
SAMs induces moderate core level shifts (< 0.2 eV) and in-
creases the surface band bending by ≈ 0.1 eV. The surface
band bending is thus not very sensitive to the electronegativ-
ity of the SAM functional group for GaN(0001). In contrast,
the grafting of phosphonic acids on GaN(11¯00) largely affects
both the core levels and the VBM. Specifically, after grafting
of PFOPA, the GaN surface band bending is reduced by 0.2 eV
and the oxidation states of Ga and O atoms exhibit a slight
increase. Relative to PFOPA, the coating with OPA further
decreases the GaN surface band bending by 0.25 eV, and in-
creases the oxidation states of Ga and O atoms. These results
evidence a strong impact of the SAM electronegativity on the
inner GaN electrostatic potential landscape in the case of the
(11¯00) surface.
A similarly weak sensitivity of the GaN(0001) surface band
bending toward the electronegativity of grafted phosphonic
acids has been reported for oxidized GaN(0001) [16] and
(Al,Ga)N(0001) layers [18]. This lack of sensitivity was ex-
plained in terms of a Fermi level pinning caused by a high
density of states at the nitride surface. Nevertheless, beside
the density of surface states, their specific energy with respect
to the electronic states of the organic adsorbate will also con-
trol the polarity and amplitude of the charge transfer process
occuring at the inorganic/organic interface [22]. In particu-
lar, electron injection from OPA to the acceptor states of the
surface GaOx can only occur if the latter have a lower energy
compared to the highest occupied molecular orbital (HOMO)
of OPA. Due to the strong anisotropy of the GaN crystal struc-
ture, such a band alignment can be entirely different for the
GaN(0001) and (11¯00) orientations. The high sensitivity of
the band bending of the oxidized GaN(11¯00) layer to phos-
phonic acid grafting thus evidences a low density of surface
states as well as a favorable band alignment for charge transfer
at the inorganic/organic interface. Interestingly, the observed
correlation of the band bending amplitude with the electroneg-
ativity of the phosphonic acid provides a convenient means for
tailoring the electronic properties of the (11¯00) surface. This
result is particularly relevant for GaN nanowires because their
electrical and optical properties are strongly influenced by the
chemical properties of their {11¯00} sidewall facets. [3, 49–55]
C. Enhancement of the external quantum efficiency
The modification of the surface electronic properties caused
by the grafting of phosphonic acids should also impact the EQE
of GaN. In particular, the decrease of internal electric fields
[56–61] and the passivation of surface states [14, 62–67] could
both enhance the radiative recombination of excitons. This
issue is further evaluated here by examining the PL intensity
of the coated GaN samples. In addition to the GaN(0001)
and GaN(11¯00) layers, we also examine the GaN nanowire
ensembles to benefit from their higher sensitivity to surface
effects [50]. Measurements are carried out in vacuum (≈
10−6 mbar) at 10 and 300K. All the samples are cut in three
pieces. One of the pieces is treated with OP, and the other two
are grafted with PFOPA or OPA, respectively. To compare the
PL intensities, pieces from the same samples are loaded in the
cryostat and measured side-by-side.
Both the treated layers and the nanowire ensembles exhibit
intense band-edge luminescence. Normalized spectra taken at
10K are shown in Fig. 6. In the case of the layers, the spectra
feature narrow excitonic lines which are identified and labelled
according to Ref. 68. Excitonic lines are also observed in the
nanowire ensembles, although broadened by the contribution
of several surface-related effects [38, 69–71]. In particular,
the donor bound exciton (D0,XA) has a linewidth of 1.5meV
(4meV) for the nanowire ensemble onTi (Si). Transitions from
excitons bound to stacking faults (SFs) [72] and inversion do-
main boundaries (IDBs) [73, 74] are also detected, as typically
reported for this type of nanostructures. Interestingly, we do
not observe any spectral signature related to the deposition of
PFOPA or OPA. The differences visible in the spectra shown
in Fig. 6 can be entirely explained in terms of sample inho-
mogeneities. A similar result is obtained at 300K (not shown
here). The absence of a shift in the exciton recombination en-
ergy is compatiblewith the altered internal electric field caused
by the grafting of phosphonic acids [50, 60, 61]. As a matter of
fact, for increasing electric fields, the radiative recombination
of free excitons will quench (F > 10 kV/cm) before a measur-
able redshift would occur (F > 20 kV/cm [58]). The change
of the internal electric fields should, however, affect the PL
intensity.
The recorded PL peak intensities after the different treat-
ments (OP, PFOPA and OPA) are shown in Fig. 7 for the GaN
layers and the nanowire ensembles. Under laser exposure, the
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FIG. 6. Normalized PL spectra of the (a) GaN layers and (b) nanowire ensembles taken at 10K after OP as well as subsequent to the grafting
of PFOPA or OPA. Spectra from different samples are vertically shifted for clarity. The different transitions are labeled according to Ref. 68.
luminescence intensity steadily increases for up to several tens
of minutes, as widely observed for as-grown GaN layers and
nanowires [50, 55, 75, 76]. To circumvent this complication,
the values plotted in Fig. 7 correspond to the first second of
luminescence. An intensity range is given instead of an aver-
age intensity to reflect the dispersion of the values caused by
sample inhomogeneities (within an area of ≈ 10mm2). Be-
sides these measurements, we also record the PL intensity in
a location of the sample previously irradiated with the laser
using an intensity of 200W/cm2 for 1min. Such a process
increases the PL intensity to the extent depicted by the black
arrows shown in Fig. 7. For as-grown nanowires, this photo-
induced enhancement is attributed to a chemical modification
of the surface under laser irradiation, which reduces the sur-
face band bending [50] and/or the areal density of nonradiative
surface recombination centers [55]. Nevertheless, different
mechanisms can be expected for GaN surfaces with different
chemical properties (for example, different oxide thickness and
structure).
As shown in Fig. 7, the grafting of PFOPA and OPA induces
moderate PL intensity changes for the layers and larger ones
for the nanowire ensembles. This difference likely arises from
the high nanowire surface-to-volume ratio. For the GaN(11¯00)
layer as well as for the nanowire ensembles, on average, OPA
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FIG. 7. Peak PL intensity at 300 and 10K of the GaN layers and nanowires grown on Si and Ti after OP exposure as well as upon PFOPA or
OPA grafting. The error bars highlighted by the colored areas represent the dispersion of the data along the sample. The excitation density
used for the PL acquisition is given in each graph. The vertical black arrows indicate the intensity enhancement obtained after exposing the
surface for a 1min to the maximum laser intensity of 200Wcm−2 prior to measuring the PL intensity.
grafting enhances the PL intensity as compared to PFOPA.
This increase amounts to up to a factor 6 in the nanowire case.
This PL enhancement correlates well with the expected reduc-
tion of the surface band bending (see Table I). Yet, PFOPAdoes
not enhance the PL intensity in comparison to OP. According
to the band bending reduction expected upon PFOPA coating
(see Table I), this is an unexpected result that could be easily
explained by taking into account the light absorbed by the or-
ganic overlayer. Last, the PL intensity enhancement observed
after the intense laser exposure is remarkably unaffected by
the presence of PFOPA and OPA. It thus likely corresponds to
a photo-induced modification of the GaOx layer.
The reduction of the surface band bending provided by
PFOPAandOPAcoatings shrinks thewidth of the space charge
layer (wscl). In the vicinity of the surface, this layer is associ-
ated with electric fields that may be high enough to field-ionize
excitons (F & 10 kV/cm). We further estimate the width wedl
of this “exciton dead layer” in the approximation of continu-
ous charge distribution by solving the Poisson equation. In the
planar case, wedl ∈ [0,wscl] is given by:
F(wedl) = e ND
εrε0
(
Φ0εrε0
e2ND
− wedl
) 1
2
= 10 kV/cm (1)
where Φ0 is the band bending amplitude, ND the donor con-
centration, and εrε0 the permittivity of GaN (ε ‖cr = 10.4 and
ε⊥cr = 9.5). The calculated values reported in Table I show
that wedl has a similar order of magnitude than the absorption
length of the laser light (≈ 100 nm) and significantly decreases
when reducing the surface band bending. Therefore, besides
light absorption in the organic overlayer, we attribute the dif-
ferent PL intensities of the coated GaN layers to the variation
of the width of the exciton dead layer.
For lightly doped nanowires, the amplitude of the surface
band bending may additionally depend on their diameter. In-
deed, below a critical diameter, full electronic depletion of the
bulk donors by surface states occurs [49]. In such a case, the
amplitude of the surface band bending depends on the diam-
eter (Φ0 ∝ d2) and not anymore on the position of the Fermi
level at the surface. This critical diameter dc can be written
as:
dcrit =
√
16εrε0Φ0
e2ND
(2)
where Φ0 is the band bending amplitude when the nanowire
is not fully depleted. Assuming a similar doping than for the
GaN layers (ND = 8×1016 cm−3), dc amounts to 230, 178 and
72 nm after the OP, PFOPA and OPA treatments, respectively.
Examining the diameter distributions shown in Fig. 2(c), we
deduce that, even after grafting OPA, all the nanowires on
Si and the vast majority of those grown on Ti are actually
electronically fully depleted. For these nanowires, the organic
coating would thus only marginally affect the surface band
bending. A larger residual doping level is necessary to observe
8a surface dependence of the band bending. In particular, values
in the 1018 cm−3 range would be required. These values are,
however, incompatible with the narrow donor bound exciton
transition observed in the nanowire cw-PL spectra (≤ 4meV).
We note that GaN nanowires dopedwith Si in themid 1017 cm3
exhibit a donor-bound exciton transition with a linewidth of
7meV [77], and larger doping levels would further increase
this value [78]. Hence, for thin nanowires (d < 72 nm), such
as for the ensemble prepared on Si, the increased PL intensity
provided by OPA grafting cannot be due to a reduction of the
width of the exciton dead layer.
Besides altering internal electric fields, the covalent bonding
of phosphonic acids onto the GaOx surface certainly impacts
the properties and nature of surface states, which may be a
source for the nonradiative recombination of excitons. Yet, sur-
face excitons only exists in nanowires with low surface electric
fields (F < 10 kV/cm), since they would otherwise be instan-
taneously field-ionized [70, 79]. Taking ND = 8 × 1016 cm−3,
surface excitons exist only in nanowires with a diameter below
26 nm. As seen in Fig. 2(c), these nanowires are actually the
majority in the ensemble grown on Si, and represent a non-
negligible fraction in the ensemble prepared on Ti. For these
very thin nanowires, we thus expect a change of the PL inten-
sity upon PFOPA or OPA coating due to a modification of the
nonradiative surface recombination velocity. As discussed in
the Supplementary Information, the surface defects involved
in this surface recombination are not inherent to the as-grown
GaN nanowires but primarily related to the OP treatment.
From this analysis, the change of the GaN nanowire EQE
resulting from the grafting of PFOPA and OPA can be at-
tributed to three different contributions: (i) for thick nanowires
(d > 72 nm), to a variation in the width of the exciton dead
layer, (ii) for very thin nanowires (d < 26 nm), to a modifi-
cation of the surface recombination velocity, and (iii) regard-
less of the nanowire diameter, to the parasitic light absorption
caused by the presence of the organic SAM. Consequently,
nanowires with diameters between 26 and 72 nm are unaf-
fected by the first two contributions. Yet, we note that under
large excitation power densities (higher than those used in this
work) photo-screening of the band bending will occur [80, 81],
even for electronically depleted nanowires. Since the ampli-
tude of the photo-screening is expected to depend on the nature
of surface states [1], it will vary depending on the organic coat-
ing.
III. SUMMARY AND CONCLUSIONS
We found that phosphonic acids equally bind to oxidized
GaN(0001) and (11¯00) surfaces, resulting in both cases in the
formation of dense SAMs. The binding is verified by the sig-
nificant change of the GaN work function (± 0.5 eV) observed
after the grafting of PFOPA or OPA. These two types of phos-
phonic acids furthermore affect the GaN surface band bending.
For the oxidized GaN(11¯00) surface, this effect scales with the
electronegativity of the phosphonic acid’s tail, a phenomenon
that enables an external control of the GaN surface band bend-
ing. The oxidized GaN(0001) surface is, in contrast, rather
insensitive to the electronegativity of the phosphonic acid’s
tail. This insensitivity is likely due to a larger density of sur-
face states and/or an unfavorable level alignment between the
acid’s HOMO and the GaOx surface states. Upon the grafting
of phosphonic acids, PL measurements evidence a significant
modification in the EQE of oxidized GaN(11¯00) layers and
nanowires. Besides the parasitic absorption caused by the or-
ganic SAM, these changes are attributed to the modification of
the surface band bending and/or of surface states.
The large sensitivity of the GaN(11¯00) electronic properties
towards the adsorbate electronegativity is a key feature for the
realization of chemo-sensors. In particular, selective sensing
may be simply enabled by transforming the phosphonic acid’s
functional group into an anchor group that only binds to a
targeted analyte [82]. On the basis of these results, we expect
a superior performance of the (11¯00) surface with respect to
the traditional (0001) surface orientation [83, 84]. The use
of the GaN(11¯00) surface for sensing could be maximized us-
ing GaN nanowires which, in comparison to the established
Si nanowire based biosensing technology [85], offer an im-
proved biocompatibility [8] and near field light emission for
optogenetic applications.
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As described in the main text, the modulation of the
nanowire photoluminescence intensity seen upon grafting of
phosphonic acids points to the existence of a strong nonra-
diative decay taking place at the nanowire surface. This con-
clusion, however, differs from the results reported in Ref.1,
where the intense luminescence observed for ultrathin GaN
nanowires reveals an extremely low recombination velocity as-
sociated to the surface states of air-oxidized GaN(11¯00). The
nanowires investigated here are, in contrast to Ref.1, treated
with an oxygen plasma (OP), where highly excited O radicals
may create point defects in the vicinity of the surface. To
test for this possibility, fresh pieces from the GaN nanowire
ensemble grown on Si are measured either after an HCl dip,
after OP exposure or, after OP exposure followed by an HCl
dip. According to Ref.2, HCl etching provides flat band con-
ditions for the GaN(11¯00) surface, whereas the OP treatment
gives an upward band bending. The related modification of
the PL intensities at 8 and 300K are shown in Fig. S1. As can
be observed, regardless of the temperature, the PL intensity
clearly decreases after the OP treatment. The increased band
bending caused by the OP treatment can partly explain the
reduced PL intensity. However, an HCl dip performed after
OP exposure does not fully recover the PL intensity. This re-
sult evidences the formation of point defects in the vicinity of
the surface during the OP treatment. This modification of the
surface concurs with the different effect of an intense laser ex-
posure on the PL efficiency of the treated nanowires. As seen
in Fig. S1, a laser irradiation at low temperature decreases the
PL efficiency of HCl treated nanowires whereas it enhances
the one of nanowires exposed to either OP or OP plus HCl.
A further improvement of the grafting of phosphonic acids
after 1 min exposure at  8 kW/cm2
P ≈ 800 W/cm² P ≈ 80 W/cm²
FIG. S1. Peak PL intensity of the nanowire ensemble grown on Si
after different surface treatments at 300 and 8K as indicated in the
figures. The arrows indicate the intensity enhancement subsequent
to a 1min long laser exposure at 8 kWcm−2.
would thus require to get rid of the OP exposure step.
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